It has been commonly assumed that calcium, which normally serves important functions as a membrane stabilizer, metabolic regulator, and sec ond messenger, also can mediate anoxic and toxic cell death (Schanne et aI., 1979; Farber, 1981; Trump et aI., 1981) . It is then postulated that when the plasma membrane becomes unduly permeable to calcium, the free cytosolic concentration (Ca 2+ ) rises to toxic levels. As applied to the brain, this hypothesis predicts that loss of cellular calcium ho meostasis underlies selective neuronal vulnerability in ischemia, hypoglycemia, and epileptic seizures (Siesj6, 1981; Meldrum, 1983; Raichle, 1983 ; for further literature, see Siesj6 and Wieloch, 1985; Siesj6, 1988) . It should be clearly understood that ischemia, particularly if dense, causes all cells to loose their calcium homeostasis. The hypothesis predicts, therefore, that some cells are more vulner able than others because they have a higher density of calcium channels in their plasma membranes. Presumably, this could lead to untolerable local in creases in calcium concentration.
In a recent extension of the calcium hypothesis, it was speculated that increased calcium cycling across ischemia-damaged membranes leads to a sustained rise in Ca 2 + j and slow calcium overload of mitochondria, thereby causing delayed neuronal death (Deshpande et aI., 1987 ; see also Martins et aI., 1988) . Dux et aI. (1987) , inducing transient isch emia in the gerbil, recently assessed the time course of mitochondrial calcium deposits in glia cells and in pyramidal cells of the hippocampus CAl sector and the neocortex. During the first 30 min of recircula tion, increased precipitation was observed in all cells. In CAl neurons, a secondary increase ap peared after about 6 h. Although the authors con cluded that cell calcium increased in parallel with loss of cellular integrity, the results are compatible with the hypothesis of delayed, calcium-related neuronal death.
The hypothesis of calcium-induced cell damage has been challenged on grounds that anoxic cell death can occur in the absence of a rise in Ca 2+ j, and that loss of ATP per se is detrimental to the survival of the cell (Cheung et aI., 1986; Lemasters et aI., 1987) . It has also been argued that although all cells accumulate calcium during a prolonged ischemic insult, some cells die while others survive (Hossmann et aI., 1983 (Hossmann et aI., , 1985 . However, even though other factors than a rise in Ca 2+ j may con tribute to cause irreversible cell damage, one can not ignore the potentially adverse effects triggered by calcium (see Nicotera et aI., 1986; Orrenius et aI., 1988; Siesj6, 1988) . Thus, calcium-related cell death has been demonstrated in the locust muscle (Duce et aI., 1983) , and more recent results suggest that calcium influx is what causes necrosis of neu rons in primary culture, exposed to excitotoxins or anoxic conditions (Choi, 1985 (Choi, , 1987 Garthwaite et aI., 1986; Rothman and Olney, 1986) . In fact, the conclusions drawn from these recent in vitro results represent the merging of two hypotheses: the gen eral hypothesis of calcium-related damage and the excitotoxic hypothesis of neuronal death (Choi, 1988) . Very recent results underscore the impor tance of transmitter release, particularly the release of glutamate or a related excitatory amino acid (EAA), in causing influx of calcium into cellular elements (Benveniste et aI., 1988) . Thus, deafferen-tation of CAl neurons by prior Schafferotomy by kainic acid injections completely prevented the de crease in extracellular-calcium (Ca 2 + e) during 10 min of ischemia, and local injection of an antagonist that blocks the glutamate receptor gating an ionic channel for calcium (see below) attenuated the de crease in Ca 2+ e' Since deafferentation also pro tected the CAl pyramidal cells from ischemic in jury, the results provide further evidence for a cou pling between calcium influx and neuronal necrosis.
The picture now emerging from studies on many tissues is that although anoxic cell death may occur in the absence of a rise in Ca 2 + j, notably as a result of ATP depletion, a marked rise in Ca 2 + j per se accelerates reactions that are deleterious to the sur vival of the cell. Thus, calcium activates enzymes degrading cell structure, particularly lipases, pro teases, and endonucleases (see Siesjo and Wieloch, 1985; Nicotera et aI., 1986; Orrenius et aI., 1988) . In the brain, for example, influx of calcium, or its re lease from intracellular stores, could be responsible for the extreme vulnerability of some neuronal pop ulations to ischemia/anoxia. Thus, since some neu rons suffer irreversible damage after transient isch emia of only 4-6 min duration (Smith et aI., 1984) , it is tempting to assume that the vulnerability of these cells, which cannot be ascribed to vascular factors, is caused by other factors than A TP depletion alone. However, it is then necessary to assume that these cells are vulnerable because they contain a high density of calcium channels, creating "hot spots" of calcium accumulation in their dendritic domains.
As will be discussed below, the excitotoxic hy pothesis predicts that excessive presynaptic release and/or deficient reuptake of glutamate or a related EAA leads to overexcitation of postsynaptic EAA activated receptors, with pathologically enhanced influx of calcium. As will also be discussed, some rather dramatic effects have been obtained with glu tamate receptor antagonists that were found to ame liorate both ischemic and hypoglycemic brain dam age. The results reported, however, are partially discordant since other results have failed to reveal a similar protective effect. Furthermore, interpreta tion of available data is confounded by results dem onstrating that noncompetitive glutamate receptor antagonists do not delay, curtail, or prevent calcium influx into cells during anoxic or hypoglycemic transients.
The objective of this article is to review present knowledge of the neurochemical pathology of cal cium-related cell damage, to discuss controversial issues, and to present a unifying hypothesis for the possible role of calcium in causing cell dysfunction J Cereb Blood Flow Metab, Vol. 9, No. 2, 1989 and cell death. The general features of this hypoth esis were outlined in a previous article (Siesjo, 1989) , and the discussion of the hypothesis was recently updated (Siesjo and Bengtsson, 1989) .
THE EXCITOTOXIC HYPOTHESIS OF NEURONAL DEATH
In the original formulation of the calcium hypoth esis of neuronal necrosis (see Siesjo, 1981) , it was tacitly assumed that calcium entered cells via volt age-sensitive calcium channels (VSCCs), which were presumed to abound in apical dendrites of vul nerable neurons. It soon became clear, though, that there are at least two, possibly three different VSCCs (Carbone and Lux, 1984; Nowycky et aI., 1985) . In peripheral nerves, three channels have been described, designated L (long-lasting), T (tran sient), and N (neither L nor T) (Nowycky et ai., 1985) . It is usually considered that only the L type is blocked by conventional calcium antagonists, such as dihydropyridine (DHP) derivatives (how ever, see Yaari et aI., 1987) . This may explain why calcium antagonists of the DHP type neither show a marked protective effect against ischemia (see Siesjo, 1988) nor block calcium influx into cells dur ing anoxia (Holler et aI., 1986; Peters, 1986) . This may not be the only explanation, though, since the doses at which such antagonists block calcium cur rents in peripheral neurons are much lower than those reached in the brain in in vivo experiments.
Subsequent work showed that another important route of calcium entry was provided by agonist operated calcium channels (AOCCs), notably those gated by receptors activated by glutamate and re lated EAAs. Three major subtypes of glutamate re ceptors have been described, selectively activated by N-methyl-D-aspartate (NMDA), by kainate (K), and by quisqualate (Q) (for reviews, see Watkins and Evans, 1981; Fagg, 1985; Mayer and West brook, 1987) . Two separate channels have been proposed to be gated by these receptors. One, gated by K and Q receptors, is a conductance channel for monovalent cations, thus allowing Na + to enter, and K + to leave the cell, while the other, gated by the NMDA receptor, allows for cellular calcium en try as well (MacDermott et aI., 1986 ; for reviews, see Collingridge, 1985; Foster and Fagg, 1987) . A unique feature of this NMDA-linked channel is that it is normally blocked by Mg 2 + in a voltage dependent manner (Mayer et aI., 1984; Nowak et aI., 1984) . Depolarization relieves the block, allow ing glutamate to activate a conductance mechanism for Ca 2+ . In addition, recent results have demon-strated that the cationic conductance response me diated by NMDA receptor activation can be dra matically potentiated by glycine. This potentiation was detectable at concentrations of glycine as low as 10 nM in vitro (Johnson and Ascher, 1987) . Since glutamate is a mixed agonist, acting on both K/Q and on NMDA receptors, it may trigger calcium influx by a sequential mechanism, which involves Na + influx through the K/Q receptor-linked chan nel and, secondary to the depolarization caused by this influx, opening of the NMDA receptor-gated channel.
Several years ago, the hypothesis was advanced that EAAs are inherently cytotoxic and that they, when allowed to overexcite postsynaptic receptors, give rise to dendrosomatic, axon-sparing lesions (Olney, 1978) . Conditions creating such overexcita tion are characterized by increased release and/or diminished reuptake of the transmitter. The excito toxic hypothesis has been invoked to explain neu ronal loss in several neuropathological conditions (Schwartz et aI., 1984) , encompassing anoxia/ Glu ( ischemia (Benveniste et aI., 1984; Rothman, 1984; Simon et aI., 1984; Hagberg et aI., 1985; Wieloch, 1985a) and hypoglycemia (Wieloch, 1985b; Wieloch et aI., 1986; Sandberg et aI., 1986) . The extension of the excitotoxic hypothesis seems logical since both anoxia/ischemia and hypoglycemia cause both en hanced release and diminished reuptake of excitato ry transmitters. In support, the extracellular levels of glutamate and aspartate rise appreciably during the insults (Benveniste et aI., 1984; Hagberg et aI., 1985; Wieloch, 1985a; Sandberg et aI., 1986) .
The ionic basis of an excitotoxic lesion is best understood by inspection of a diagram that synthe sizes information on ionic flux through VSCCs and through AOCCs gated by glutamate-activated re ceptors (Fig. 1) . It is provisionally assumed that three types of VSCCs are present in central neurons (Nowycky et aI., 1985;  however, see also Carbone and Lux, 1984; Yaari et aI., 1987) . Probably, the presynaptic calcium influx that causes transmitter release occurs through a channel which is not blocked by calcium antagonists, but by different
.. These receptors, and the ionic channels they gate, are key elements in the excitotoxic hypothe sis. Two types of damage have been assumed to occur as a result of receptor activation by EAAs: osmolytic and calcium-related (see Rothman and Olney, 1986) . Osmolytic damage could be a simple consequence of the opening of channels for Na + , e.g., that gated by the K/Q receptor sUbtype. Thus, when N a + enters the cell along its electrochemical gradient, electrostatic forces will cause influx of CI-along voltage-sensitive or agonist-operated an ion channels. When the membrane potential has been dissipated, Cl-will enter spontaneously, i.e., along its own chemical gradient. Whatever are the routes of entry, or the forces involved, entry of Na + and CI-will be accompanied by osmotically obligated water. This process of glutamate-induced swelling of apical dendrites in anoxia was suggested already by van Harreveld (1970) (see also van Har reveld and Fifkova, 1971) , and later discussed as a mechanism of excitotoxic damage by Rothman and Olney (1986) .
Calcium influx through the channel that is pri marily gated by NMDA agonists may, however, be even more important in the pathogenesis of isch emic cell damage (see Duce et aI., 1983; Choi, 1985 Choi, , 1987 Choi, , 1988 Garthwaite et aI., 1986) . As already mentioned, the K/Q and NMDA receptor-linked channels may work in concert to trigger calcium influx. Under normal circumstances, i.e., when en ergy is available, the postsynaptic response is ter minated by reuptake of the transmitter, and by ex trusion of Ca 2+ and Na + , molecular processes that also restore the normal K + and CI-gradients across the membranes. However, if transmitter up take and ion extrusion are inhibited by shortage of ATP, one can envisage that receptor activation and channel opening are pathologically enhanced and prolonged.
What, then, is the evidence that ischemic/anoxic neuronal damage is caused by an excitotoxic mech anism and, more specifically, by a mechanism that causes calcium "overload"? As discussed else where (see Benveniste et aI., 1984; Simon et aI., 1984; Wieloch, 1985a; Rothman and Olney, 1986; Choi, 1988) , the in vivo evidence rests on the fact
that EAAs are released during the insult, on the dendrosomatic nature of the lesions, on the result of experiments in which glutamatergic fibers were sev ered, and, in particular, on experiments in which the neuronal damage incurred by ischemia in vivo and anoxia in vitro were ameliorated by glutamate receptor antagonists.
There are at present two types of such antago nists: competitive and noncompetitive. The com petitive ones, which encompass the w-phosphonic acid derivatives D-2-amino-5-phosphonopentanoate (AP5) and D-2-amino-7-phosphonoheptanoate (AP7), penetrate the blood-brain barrier relatively poorly. Many noncompetitive antagonists, such as ketamine, phencyclidine, and MK-801 (see Fig. 1 ), do not have this disadvantage. These antagonists have the interesting feature that they block not the NMDA receptor itself, but the receptor-gated chan nel, thereby inhibiting the influx of calcium (Mac Donald, 1984 ; for reviews, see Collingridge, 1985; Foster and Fagg, 1987) . It has been discussed, though, that the effect of at least some, if not all, of these blockers is attenuated if the receptor mem brane is markedly depolarized, e.g., by Na + enter ing via the K/Q receptor-gated channel in an en ergy-compromised situation (Miller, 1987) .
Predictably, the neuronal necrosis resulting from addition of NMDA or glutamate to primary neuro nal culture in vitro is prevented by both competitive and noncompetitive NMDA antagonists (Rothman, 1984; Choi et aI., 1986; Clark and Rothman, 1987) . In the present context, it is even more interesting that NMDA antagonists ameliorate or prevent neu ronal necrosis due to anoxia (Olney et aI., 1986; Goldberg et aI., 1987; Rothman et aI., 1987) . Thus, at least in vitro, anoxia seems to damage cells by allowing calcium to enter via an NMDA-gated cal cium channel.
In vivo results corroborating these in vitro find ings have been obtained since competitive NMDA antagonists, when injected locally into the tissue, were reported to ameliorate both ischemic (Simon et aI., 1984) and hypoglycemic (Wieloch, 1985b) damage. It was also found that systemically admin istered MK-801 reduced the brain damage in gerbils that resulted from a transient period of forebrain ischemia (Gill et aI., 1987; Iversen et aI., 1988) . Sub sequently, several groups showed that noncompet itive NMDA antagonists, including MK-801 and phencyclidine, markedly reduced the volume of the infarct resulting from permanent focal ischemia in duced by middle cerebral artery (MCA) occlusion in rats and cats (Duverger et aI., 1987; Germano et aI., 1987; Oyzuart et aI., 1988) .
In addition to these seemingly clearcut results, contradictory data, however, have also been re ported. These have raised doubts on two major is sues. First, under what conditions will NMDA an tagonists protect neurons against damage? Second, do they protect by impeding calcium influx into cells? We will discuss these issues in turn.
NMDA ANTAGONISTS AND BRAIN DAMAGE
Two experimental models have been described in which NMDA antagonists seem unequivocally to reduce brain damage. One is the stroke model in which one MCA is permanently occluded and in farct size is assessed by histopathology after vary ing occlusion periods (see above). The other model is hypoglycemic coma, in which locally injected AP7 (Wieloch, 1985b) or systemically administered MK-801 (Westerberg et aI., 1988) was found to ame liorate neuronal necrosis in the caudoputamen.
A third model, encompassing transient, bilateral carotid occlusion in the gerbil, has given equivocal results. Thus, although Gill et aI. (1987) Pulsinelli (personal communication, 1988) found that the protective effect of MK-801 observed in ischemic gerbils was absent if body temperature was maintained normal during the ischemia.
Results obtained with a fourth model, that which yields dense forebrain ischemia in the rat by four vessel occlusion (Pulsinelli et aI., 1982) or two vessel occlusion combined with hypotension (Smith et aI., 1984) , have failed to demonstrate any pro tective effect by competitive or noncompetitive NMDA antagonists (Block and Pulsinelli, 1987; Jensen and Auer, 1988; Wieloch et aI., 1988 ; how ever, see also Swan et aI., 1988) .
These results suggest that NMDA antagonists only protect in situations of less dense ischemia, such as that observed in the perifocal areas of a stroke lesion, but not in those characterized by more dense ischemia, such as that resulting from four-or two-vessel occlusion in the rat. In the same vein, one could assume that these NMDA antago nists are efficient in hypoglycemic coma because this condition, like moderate ischemia, is one of partial rather than complete energy failure, the lat ter seen in the more dense ischemic insults. Fur thermore, one may speculate that when MK-801 protects gerbils against ischemia caused by carotid artery occlusion, this is because flow is more mod erately reduced than in the rat with forebrain isch emia. Alternatively, one may speculate that post ischemic hypotension (which has been commonly reported in gerbils) fails adequately to increase postischemic flow, leading to secondary ischemia, this in turn contributing to the final brain damage. A third possibility is that the insult leaves the tissue with an increased neuronal excitability, or causes overt local epileptogenic activity in the seizure prone gerbil (cf. Suzuki et aI., 1983) , and that this potentially detrimental neuronal overactivity is de pressed by MK-801. In fact, these two latter possi bilities would also explain why MK-801 has been reported to ameliorate ischemic damage when given after the start of recirculation (Gill et aI., 1987) . However, whatever is the explanation, we still lack precise information on calcium fluxes in these pathological situations, and the way these fluxes are influenced by NMDA antagonists.
CALCIUM ANTAGONISTS AND CALCIUM FLUXES IN VITRO AND IN VIVO
It is now well established that complete anoxia of the brain is accompanied by a marked reduction in extracellular calcium concentration (Nicholson et aI., 1977; Hansen and Zeuthen, 1981; Hansen, 1985) . A similar reduction was observed in hypo glycemic coma, i.e., in hypoglycemia of sufficient severity to give an isoelectric EEG (Harris et aI., 1984) . It is very likely that Ca 2+ j rises during hypo glycemic coma. It seems likely that a substantial fraction of the extracellular Ca 2 + enters cells via channels linked to the glutamate receptors. Thus, it has been demonstrated that iontophoretic release of glutamate produces a marked reduction in Ca 2 + e (Heinemann and Pumain, 1980; Pumain and Heine mann, 1985) . Furthermore, as will be discussed be low, deafferentation of CAl pyramidal cells virtu ally prevents calcium from entering cells during ischemia.
Newly developed microspectrofluorometric tech niques, adopted for work on single cells with direct measurements of Ca 2+ j, have facilitated evaluation of calcium fluxes. Experiments on cultured neurons have unequivocally shown that calcium enters cells via VSCCs when the membrane is depolarized by K + (Thayer et aI., 1986) and via NMDA-gated channels when glutamate or another NMDA agonist is added (Kudo and Oguro, 1986; Murphy et aI., 1987; see also Miller, 1987) . Especially in cultured neurons from hippocampus, a large fraction of the K + -triggered influx was blocked by calcium antag onists of the dihydropyridine (DHP) type. The ag onist-activated influx was blocked or diminished by both competitive and noncompetitive NMDA an tagonists.
Such in vitro results have given three additional pieces of information. First, in many cells, depolar ization evokes only a weak influx of calcium unless a DHP agonist is added and, in other cells, DHP antagonists block only part of the rise in Ca 2 + i (see Thayer et aI., 1986) . Thus, some cells may have a low density of VSCCs and others, more densely equipped with such channels, may respond poorly to calcium antagonists. Second, the Mg 2+ block of the NMDA channel seems to be relieved at more negative membrane potentials than those required to open VSCCs (e.g., Murphy et aI., 1987; Miller, 1987) . This means that NMDA-gated channels may open at lesser degrees of membrane depolarization than the VSCCs. Third, while the response to re ceptor activation by NMDA may be completely blocked by a compound such as MK-801, the re sponse to glutamate is not (Miller, 1987; Murphy et aI., 1987) . Tentatively, this could reflect the fact that depolarization (triggered by N a + influx through the K/Q-gated channel) not only relieves the Mg 2 + block but also attentuates the effect of MK-801 on calcium influx. In other words, non competitive NMDA antagonists may fail to impede calcium influx if depolarization is massive. It seems more likely, though, that the results can be ex plained by another mechanism. Thus, receptor stimulation by glutamate may release calcium from internal stores, and the ensuing rise in Ca 2+ i may activate another conductance mechanism that al lows calcium to enter from the outside (see below). Three recent observations provide seemingly conflicting information of calcium fluxes and the effects of calcium antagonists. First, both compet itive and noncompetitive NMDA antagonists block the spreading depression (SD) that is elicited by strong electrical stimulation and, thereby, also the accompanying calcium influx (Goroleva et aI., 1987; Mody et aI., 1987; Hansen et aI., 1988; Zhang et aI., 1989) . Second, when hypoglycemia leads to what has been interpreted as an initial SD, followed by "permanent" depolarization, the associated cellu lar influx of calcium does not seem to be influenced by NMDA antagonists (Zhang et aI., 1989) . Third, the calcium influx that occurs 60-120 s following induction of tissue anoxia is not impeded or cur tailed by DHP calcium antagonists (Peters, 1986; Holler et aI., 1986) , nor has MK-801 any effect in this situation (Hansen et aI., 1988; Zhang et aI., 1989) .
At first sight, these results raise doubts that NMDA antagonists, when protecting against isch emic damage, do so by curtailing calcium influx. It is obviously also tempting to conclude that calcium influx and "overload" are not what cause hypogly cemic brain damage. In view of the presumed tox-icity of calcium, it also appears odd that neuronal necrosis is not incurred when SDs are repeated over a 4 h period, as reported by Needergaard and Hansen (1988) . However, it seems that all results can be explained if certain assumptions and predic tions are made with respect to calcium fluxes in SD, hypoglycemia, and ischemia. Before discussing this issue, though, it seems justified that we recall some of the main features of cellular calcium homeosta SIS.
CELLULAR CALCIUM HOMEOSTASIS
Calcium can only fulfill the roles of a metabolic regulator and a second messenger if the cytosolic and intramitochondrial Ca 2+ concentrations are tightly regulated (see Borle, 1981; Rasmussen and Waisman, 1983; Denton and McCormack, 1985; Hansford, 1985; Carafoli, 1987) . One mechanism in this regulation is the precise control of membrane permeability for calcium, which is normally very low but increases in an ordered fashion upon cell activation. The second main mechanism is the ex trusion of calcium from the cell at the expense of metabolic energy, either in the form of a Ca 2+ -dependent ATPase or a 3Na + ICa 2+ exchange mechanism whose energy is derived from the Na + gradient, the latter being created by a Na + , K + -ATPase. The third mechanism, finally, is the bind ing or sequestration of calcium within the cell by both energy-independent and energy-dependent mechanisms.
Figure 2 synthesizes information on these mech anisms into a composite diagram, which also illus trates calcium release from the endoplasmic reticu lum (ER) by inositol trisphosphate (IP3), a break down product of phosphatidylinositol bisphosphate (PIP 2 ) (see Berridge, 1984; Berridge and Irvine, 1984) . We envisage that, normally, the major share of calcium enters by the various types of VSCCs and via the AOCC gated by the NMDA receptor. These two types of channels, therefore, represent the main routes of calcium entry. However, with sustained stimulation of phospholipase C (or phosphodiesterase) by glutamate or another EAA, the IP3-triggered release of calcium from the ER may be replaced by external calcium entering by a separate channel (Taylor, 1987) . Under pathological conditions, two further routes of entry may become operative. First, since the 3Na + ICa + antiporter is electrogenic, depolarization may reverse its direc tion, especially if the intracellular Na + concentra tion (Na \) increases by independent routes (see Carafoli, 1982; Blaustein, 1984; Lazdunski et aI., 1985; Barcenas-Ruiz et aI., 1987 By an electrophoretic mechanism, Ca2+ j can be sequestered into the mitochondria (middle left), and by an ATP-dependent reaction into the endoplasmic reticulum (ER) (middle right). Efflux of calcium from these latter sites occurs through different mechanisms shown in the figure (see below, and in the text). Extrusion of calcium from the cell normally occurs through a calcium-activated ATPase (top middle) and through a Na + /Ca2+ exchange (top right). Normally, cellular calcium entry occurs through voltage-sensitive and agonist-operated (N-methyl-D-aspartate; NMDA receptor-gated) calcium channels (top left). However, agonist overactivation of membrane-bound phospholipase C (PLC) (right upper) may produce inositol trisphos phate (IP3)-triggered release of calcium from the ER. This released ER calcium may be replaced by external calcium entry through a separate channel (bottom). Two additional routes for calcium entry may appear under pathological conditions. The electrogenic 3Na + /Ca2+ antiporter (top right) may be reversed after depolarization, and it is speculated that a large nonselective cation conductance can be activated (right lower). This latter nonspecific cation channel (NSCC) may be similar to the agonist operated calcium channel (AGCC) complex and thus influenced by kainate (K), quisqualate (Q), or NMDA. This NSCC (or AGCC) is opened to allow rapid dissipative cation fluxes when Ca2+ j reaches above a certain threshold level. (Modified from Siesjo, 1989.) could be the KlQ receptor-linked channel. Second, as will be discussed below, one can speculate that a large nonselective cation conductance is activated under adverse conditions, notably when Ca 2+ i rises.
It is now well established that close to 100% of the cellular calcium is normally bound or seques tered (see Borle, 1981; Rasmussen and Waisman, 1983; Carafoli, 1987) . For example, a host of high and low-molecular-weight compounds can bind cal cium in much the same way as conventional buffers can bind H + (these compounds have been denoted A -in Fig. 2) . Figure 2 also recalls that calcium can be sequestered by mitochondria by an electropho retic ("uniport") mechanism, and by ER in a reaction that is driven by ATP. Efflux of Ca z + from mitochondria occurs by a pathway, separate from that causing uptake, and probably involves Na + / Ca 2+ exchange, while efflux from the ER occurs in response to release of IP3, or another inositolphos phate derivative (cf. Taylor, 1987) . We wish to re call that anoxia, by reducing O z supply and ATP stores, prevents calcium sequestration in both mi tochondria and ER. In fact, the ER must be ex pected to release at least part of its calcium stores during anoxia. Furthermore, since H + and Ca z + may compete for the same binding sites (e.g., Gilkey, 1983; Busa and Nuccitelli, 1984) , acidosis associated with ischemia/hypoxia could well cause substantial release of Ca 2+ from these sites. Cal-cium released in this way is usually well "buf fe red," but if O 2 and ATP shortage prevents en ergy-dependent sequestration, the Ca 2 + j increases fu rther (Abercrombie and Hart, 1986; Baker and Umbach, 1987) .
SPREADING DEPRESSION, A PATHOLOGICAL EVENT WITHOUT PATHOLOGY
SD is a propagated disturbance of membrane function that, when elicited by, for example, high K + concentrations, strong electrical stimulation, or a stab wound, spreads over the cortical surface at a rate of 2-4 mm/min (Leao, 1944; Bures et aI., 1974; Kraig and Nicholson, 1978; Nicholson, 1980; Hansen and Zeuthen, 1981; Hansen, 1985) . The SD wave is accompanied by depression of electrical functions and by ionic changes resembling those seen in anoxia, such as efflux of K + , and influx of Ca 2+ , Na + , and Cl-. Clearly, even if this phenom enon is transient, it elicits a change in membrane fu nction that must be temporarily associated with abnormal ion fluxes, including a marked influx of calcium.
The mediators of SD most commonly discussed are K + and glutamate (see van Harreveld, 1970; Hansen, 1985) . It seems imperative that a strong depolarizing stimulus must release both K + and glutamate, and that VSCCs as well as AOCCs must be opened. The finding that SD is blocked by NMDA antagonists (Goroleva et aI., 1987; Mody et aI., 1987; Hansen et aI., 1988) supports the conten tion that glutamate has a dominating influence. The simplest explanation is that massive release of glu tamate (or aspartate) opens a conductance mecha nism for all cations, e.g., one provided by simulta neous activation of the K/Q and NMDA receptor gated ion channels. A "domino mechanism" could explain why the disturbance is propagated since, in areas of tightly packed neurons containing NMDA receptors, one massively depolarized cell will re lease glutamate, exciting the neighbor, and so on. However, it remains to be explained why NMDA antagonists, while allowing K + e to rise to levels of 10--15 mM in response to the stimulus, prevent cal cium influx and propagation of the SD. Further more, why is there a massive influx of CI-, accom panying the rapid downhill fluxes of cations? A clue to this problem is provided by three observations, which all pertain to the behavior of anions. First, as described by Phillips and Nicholson (1979) , SD is accompanied by the activation of a nonspecific con ductance mechanism, allowing the passage of an ions below a certain critical size. Second, the non specific nature of some CI-channels is under- Partridge and Swandulla, 1988) .
Since the major conductance opened by NMDA gated channels is for calcium, it seems possible that the "shock opening" of cation conductances during SD is caused by a rise in Ca 2+ j (cf. Hofmeier and Lux, 1981; Colquhoun et aI., 1981; Partridge and Swandulla, 1988) . As a working hypothesis, we will assume that above a certain threshold value of Ca 2+ j, a nonspecific, high-conductance cation chan nel is opened that essentially short circuits the membrane, and allows rapid dissipative ion fluxes. The molecular characteristics of such a channel can only be speculated upon. Nonspecific ion conduc tances, activated by Ca 2+ , have been described for a variety of cells, including neurons (see Partridge and Swandulla, 1988) . A nonspecific cation channel (NSCC), which we presume is activated by Ca 2+ , has therefore been introduced in Fig. 2 . However, since most of the calcium-activated NSCCs de scribed have no or a relatively low permeability to Ca 2+ , it cannot be excluded that the ionic fluxes occur through a channel linked to glutamate recep tors, one that is not blocked by noncompetitive NMDA antagonists. We wish to recall that it is presently discussed whether the K/Q and NMDA receptor-linked channels represent different molec ular entities or different substates of one and the same channel (see Mayer, 1987; Jahr and Stevens, 1987; Cull-Candy and Usowicz, 1987) . Thus, the possibility remains that, at least under certain con ditions, the K/Q subtype of glutamate receptor gates a calcium-permeable channel.
Granted that such an unspecific channel exists, and assuming that the major, initial influx of cal cium following a depolarizing stimulus occurs through NMDA-gated channels, one can explain why NMDA antagonists block SD, and the associ ated calcium influx, since Ca 2+ j will simply fail to reach the ceiling value for activation of the nonse lective conductance(s). As will be discussed below, there are additional mechanisms mediating a rise in Ca 2+ j, such as influx through VSCCs and intracel lular release subsequent to stimulation of receptors coupled to phospholipase C. However, we envision that once the NMDA-linked channel is blocked, ex trusion and sequestration of calcium will maintain Ca 2+ j below the assumed threshold value for acti vation of the nonspecific conductance mechanism.
One additional problem remains to be explained: why do not calcium transients during SD, repeated over a 4 h period, cause cell damage (Needergaard and Hansen, 1988) ? We propose the following ex-planation. First, the transient is short-lived since the glutamate released is taken up by an energy requiring process, probably via a 2Na + /glutamate symporter, i.e., by a mechanism that is driven both by the Na + gradient and the negative membrane potential (because in SD, energy production contin ues unabated). Second, the calcium accumulated is promptly re-exported by the Ca 2 + -dependent ATPase, as well as by the 3Na + /Ca 2+ exchanger. Third, in the presence of an energy source (mito chondrial electron transport and/or ATP), the cal cium "buffering" capacity of the cytosol is so high that Ca 2+ i will rise only moderately (see Abercrom bie and Hart, 1986; Baker and Umbach, 1987) , es pecially since the calcium load, essentially the cal cium contained in the extracellular fluid (ECF), cannot exceed 300 j.Lmol (Siesjo, 1988) . In other words, calcium does not trigger adverse reactions unless causing real "overload," which is primarily seen in conditions associated with cellular energy shortage (cf. Novelli et aI., 1988) . Time is probably also important since a short transient may be better tolerated than prolonged transients, or very closely spaced ones (as in status epilepticus). However, we wish to emphasize that should SD be elicited repet itively in an energy-compromised tissue (e.g., dur ing moderate hypoxia, ischemia, or hypoglycemia), cell necrosis would probably be incurred.
HYPOGLYCEMIA AND CALCIUM-RELATED DAMAGE
It has previously been assumed that, at a critical degree of curtailment of A TP production during hy poglycemia, depolarization starts with a spreading depression that is accompanied by ionic shifts sim ilar to those observed in conventionally induced SD (Pelligrino et aI., 1981; Harris et aI., 1984) . These changes are transiently and partially reversed be fore the final depolarization occurs. The immediate question now arises: Why are the ionic changes not reversed, as in SD? The answer is probably simple. Thus, once calcium influx occurs, and the nonse lective cation conductance is activated, the rate of ATP production is too low to repump ions against the constant (and large) leak. In support of this con tention is the finding that the first depolarization is accompanied by a rapid lowering of the tissue ATP content (Wieloch et aI., 1984) .
Another important question arises: Why do NMDA antagonists ameliorate hypoglycemic dam age although they seem unable to block calcium in flux? We suggest that the amelioration can be ex plained by reduced calcium influx in a situation dur ing which energy production is compromised but has not ceased altogether. Thus, in the presence of an NMDA antagonist, the threshold value for Ca 2 + i will not be reached, or will be reached only tran siently. In other words, if the ionic leak is not mas sive and if some ATP persists, some cells will be exposed to more moderate calcium loads, or to transient ones. We have no explanation for why MK-801 does not block calcium influx (Zhang et aI., 1989) . However, the histopathological results dem onstrating amelioration of cell damage were ob tained on the caudoputamen (Westerberg et aI., 1988) , while calcium measurements were performed in the neocortex (Zhang et aI., 1989) . Probably, the two sets of experiments cannot be directly com pared.
CALCIUM, NMDA ANTAGONISTS, AND ISCHEMIC BRAIN DAMAGE
At first sight, it is difficult to explain why MK-801 and other noncompetitive NMDA antagonists have a clear effect on infarct size following MCA occlu sion, but seem to lack effect on brain damage in curred as a result of forebrain ischemia. It also re mains unexplained why MK-801 prevents the cal cium influx that is associated with SD, but not that occurring as a result of anoxia.
These seemingly discrepant results should be viewed in the light of recent data demonstrating that the calcium influx that occurs in the CAl sector of the hippocampus during 10 min of dense forebrain ischemia is delayed and attenuated by local injec tion of a competitive NMDA antagonist (AP7), and absent in animals with prior deafferentation of the CAl cells (Benveniste et aI., 1988) . These results hint that agonist-operated channels play a dominat ing role in triggering cellular uptake of calcium, and that these channels are, at least in part, gated by NMDA receptors.
With these results in mind, we can envisage the following series of events to occur after the oxygen supply has been cut off (cf. Hansen, 1985) . First, K + e increases slowly either because the Na + , K + -ATPase is partially inhibited by a fall in ATP concentration, or (more likely) because a K + con ductance mechanism is activated, either by a rise in Ca 2+ i (cf. Kmjevic, 1975) , or by the fall in ATP (Noma, 1983) . As suggested by Hansen (1985) , ef flux of K + can hyperpolarize postsynaptic ele ments, causing a block of synaptic transmission. However, when K + e reaches a threshold value of 10-15 mM, we envisage presynaptic terminals to depolarize, leading to release of transmitters, gluta mate included. The ensuing activation of NMDA receptors allows calcium influx, suddenly raising Ca 2 + i to a threshold value that will trigger activa tion of nonselective conductance mechanisms for both cations (Ca 2 + , K + , N a + , and H +) and anions Cl-and H C03 -). The result is additional efflux of K +, influx of Ca 2 +, influx of N a + and Cl-with osmotically obligated water, and equilibration of H+ IHC03 -across the membranes.
We thus assume that the critical event in causing a "shock opening" of ion channels is an increase in Ca 2 + j to a threshold value. How, then, can we ex plain that MK-801 fails to delay or abort the calcium influx, especially since large concentrations of a competitive NMDA antagonist seem to diminish in flux, and deafferentation to prevent it? We propose that Ca 2 + j may rise to the threshold value even in the absence of calcium influx from extracellular fluid. Thus, part of the rise may be secondary to acidosis, and the displacement of Ca 2 + from bind ing sites for which Ca 2 + and H+ compete (e.g., Meech, 1974; see also Hansen, 1985) . This is prob ably not the only mechanism, though, since hyper glycemia, although enhancing the lactic acidosis, delays potassium efflux and calcium influx during anoxia (Siemkowicz and Hansen, 1981) . Another mechanism for release of internal Ca 2 + is formation of IP3, the latter arising as a result of phospholipase C stimulation. For example, when K + e reaches the threshold value for release of transmitters, the sud den stimulation of phospholipase C may release enough Ca 2 + for Ca 2 + j to reach the threshold value, allowing the nonselective cation channel to open. We recognize that any agonist acting on the recep tor coupled to phospholipase C will have this effect. Glutamate (or a related EAA) is an agonist at such receptors, probably acting at a receptor subtype that is selectively activated by quisqualate (Sladec zek et aI., 1985; Nicoletti et aI., 1986; Sugiyama et aI., 1987) . Clearly, while deafferentation should prevent both influx of calcium through the NMDA linked, calcium-permeable channel and the IPr triggered intracellular calcium release, local admin istration of AP7 should prevent calcium influx only. This could explain why calcium influx during isch emia was completely prevented by deafferentation but only partly prevented by administration of AP7. However, there is no ready explanation for why MK-801 did not delay or abort calcium influx in the neocortex. One may speculate that, following sys temic administration, the channel block achieved is insufficient to prevent calcium influx in a situation where large amounts of glutamate (and glycine) are present to cause massive receptor stimulation and activation of the NMDA-linked conductance mech anism.
Probably, conditions are similar in the central core of an infarct caused by MCA occlusion but different in the perifocal "penumbra" zone. It has been known for some years that this penumbra zone may show irregular waves of depolarization, as re flected in K + e transients (Astrup et aI., 1977; Strong et al., 1983) . In the rat, such waves appear as trains of depolarization resembling spreading de pression (Needergaard and Astrup, 1986) . These regularly occurring transients seem to be responsi ble for an aggravation of the neuronal necrosis in the penumbra zone since preischemic hyperglyce mia, which paradoxically decreases neuronal ne crosis, inhibits the SD type of K + transients (Nee dergaard . We speCUlate, there fore, that both competitive and noncompetitive NMDA antagonists protect these cells simply by impeding calcium flux through the channel that is the first to be opened when cells are depolarized and glutamate is released, and which carry the brunt of the calcium load. In adctition, in a partially depolarized state, less transmitter may be released than in complete anoxia. Finally, the presence of a remaining ATP source, albeit reduced, may achieve some reuptake of transmitters released, and expel some of the calcium accumulated. In this way, the depolarizations may fail to elicit a critical rise in Ca 2 + j, and a deleterious increase in membrane con ductance. This is to say that all NMDA antagonists, while not protecting the densely ischemic core, pre vent the infarct from being extended into the area in which cells are existing in a state between life and death. In summary, it seems very likely that loss of ion homeostasis during ischemia, with influx of cal cium, occurs when presynaptic endings are suffi ciently depolarized to release glutamate and related amino acids. Sustained activation of glutamate re ceptors per se could explain influx of Na + and ef flux of K + (stimulation of the KlQ receptor sub type), as well as influx of Ca 2 + (stimulation of the NMDA receptor subtype). However, since neither DHP calcium antagonists nor noncompetitive NMDA antagonists prevent, delay, or curtail cal cium influx during dense global or forebrain isch emia, it is tempting to invoke the activation of a special, nonselective cation conductance mecha nism. This could either be a special channel, e.g., of the calcium-activated type that has been described for a variety of other cells, or a change in conduc tance state of the glutamate-activated channel(s). We do not know how such a change in conductance comes about, but we have speculated that the trig gering factor is a rise in Ca 2 + j to a certain threshold value. We are aware of the possibility that other mechanisms of calcium entry may come into oper-ation such as flux through VSCCs and a reversal of the electrogenic 3N a + /Ca 2 + anti porter. However, we feel that the results available on calcium fluxes in SD, hypoglycemia, and ischemia are best ex plained if one assumes that a rise in Ca 2 + i triggers the activation of a nonspecific cation conductance mechanism.
It seems likely that in SD, and at least initially during anoxia and hypoglycemia, calcium influx mainly occurs via the NMDA receptor-linked ion channel. This and the presence of normal or near normal amounts of ATP explain why competitive and noncompetitive NMDA antagonists block the initiation of SD, and why they ameliorate brain damage in hypoglycemia and in moderately severe ischemia. In the latter conditions, blockade of the NMDA-linked ion channel obviously reduces flux of calcium (and other ions) to levels that can be handled by the energetically strained cell. In very severe ischemia, though, calcium can enter by mul tiple routes and the conductance mechanism acti vated creates leak fluxes that cannot be handled by the energy-deprived cells. We speculate that, in the presence of a noncompetitive NMDA antagonist, the rise in Ca 2 + i to the presumed threshold value occurs by a combination of acidosis-induced release of internal Ca 2+ and IPrstimulated release from the ER, the latter mechanism being triggered by pre synaptic release of transmitters. It also seems likely that, following systemic administration, noncom petitive NMDA antagonists do not reach sufficient local concentrations, completely to block calcium influx through NMDA-linked channels in a situation with massive release of glutamate and the "pro moter" glycine. Predictably, therefore, such NMDA antagonists are of little benefit in complete or near-complete ischemia, unless postischemic conditions add a secondary ischemic insult to the primary one, or lead to epileptogenic activity. We also predict that drugs that could prevent release of transmitters, notably glutamate and related excit atory amino acids, would ameliorate cell damage in ischemic and related pathological conditions.
CALCIUM-INDUCED NEURONAL NECROSIS:
A NEW PERSPECTIVE It is now justified to pose the following question: how does the new information available, and the unifying hypothesis presented here, relate to previ ous assumptions regarding calcium-induced neuro nal necrosis, and to the criticisms raised against these assumptions? In discussing these issues, we must distinguish between the general problem of calcium-related brain damage, and the specific one related to selective neuronal vulnerability.
As emphasized by Hossmann et al. (1983 Hossmann et al. ( , 1985 , some cells seem to survive, at least in the short perspective, 1 h of complete ischemia and, thereby, an almost equally long period of calcium "over load," while others incur immediate or delayed damage. How can this be reconciled with the as sumption that pathologically raised calcium concen trations are detrimental to the survival of the cell? Tentatively, the resistance of some cells to such long calcium transients could simply reflect the moderate calcium load during complete ischemia (comprised of the calcium contained in the ECF), and the possibility of redistribution of calcium by diffusion within the confines of, for example, cen tral dendrites and cell somata. By analogy, we must then assume that selectively vulnerable cells are so densely equipped with calcium channels in, for ex ample, dendritic spines that the local concentra tions at these "hot spots" exceed those compatible with recovery. This was well phrased by MacDer mott et al. (1986) , who wrote, "It is important to consider that calcium influx occurring at NMDA receptors located on dendritic spines might produce an especially large but localized elevation in intra cellular Ca 2 + diffusion along the narrow shaft of the spine. " Alternatively, one may speculate that some cells are more vulnerable than others because they contain high concentrations of calcium-sensitive en zymes degrading cell structure (e.g., proteases), possibly because such enzymes are normally in volved in plastic changes.
We wish to recall that this hypothesis of moder ate calcium loading with unequal distribution ap plies to complete ischemia. As pointed out by Hoss mann et al. (1983) , incomplete ischemia, with a trickle of flow, may lead to more massive and more widespread damage simply because the remaining blood supply provides an exogenous source of cal cium.
Our second question is as follows: how can the hypothesis of calcium-induced cell damage be rec onciled with the phenomenon of delayed neuronal death? Once again, we may invoke a high density of AOCCs in apical dendrites and dendritic spines of such neurons, giving rise to "hot spots" of calcium accumulation. However, how can damage be de layed by hours or days? A speCUlative suggestion is that, at these sites, calcium activates proteases and/ or lipases that cause a lingering damage to mem brane structure, and to an increased calcium cycling that is compatible with short-term but not with long term recovery. For example, if proteases sever the protein bridges that anchor the plasma membrane to the cytoskeleton, the ensuing blebbing may create an unspecific membrane leak for calcium (e.g., Nicotera et aI., 1986 ). An alternative possibility is that, in such vulnerable cells, the initial insult gives rise to long-lasting, covalent modifications of recep tors and/or channel proteins, creating a lingering imbalance between excitation and inhibition and, ultimately, to cell death. Clearly, granting that cal cium is the mediator of delayed neuronal death, the reasons for the selectivity in response must be sought in the special functional and metabolic char acteristics of selectively vulnerable cells.
